Goosecoid (gsc)is expressed in the organizer region of vertebrate embryos undergoing the movements of gastrulation. Likewise, the early heart tube (8.5-9.5 dpc) undergoes a similar process of looping to bring the atrial region cranial and dorsal to the ventricular region, eventually giving rise to the four chambered heart. In order to determine whether gsc is similarly involved in heart morphogenesis, in situ hybridization and RT-PCR were used to detect gsc expression in the embryonic mouse heart. We have shown, for the first time, that gsc mRNA is expressed in the developing mouse heart, and is localized to the sites that divide the primitive heart tube into a four chambered heart.
Introduction
Goosecoid (gsc) is a homeobox-containing transcription factor that has been shown to play a role in spatial programming within distinct embryonic fields (Gaunt et al., 1993) from gastrulation (Blum et al., 1992) to the normal patterning of the vertebrate skeleton (Yamada et al., 1997; Belo et al., 1998) . Gsc is expressed in both the early primitive streak stage (around 6.5 dpc) and later during organogenesis (Gaunt et al., 1993) . However, the targeted disruption of gsc in mice has shown that gsc is not essential for the early organizer activity but is required later during embryogenesis, as the gsc (−/−) mutant embryos survive gastrulation and are born with multiple defects in craniofacial structures (Rivera-Perez et al., 1995; Yamada et al., 1995) . The craniofacial abnormalities have been explained by the expression of gsc in neural crest derivatives after 10.5 dpc (Gaunt et al., 1993) . As gsc has previously been shown to be present in the early chick heart by RT-PCR (Huang et al., 1995) , and its expression is absent from the endothelin-A receptor deficient mice that have both cranial and cardiac neural crest cell defects (Clouthier et al., 1998) , we set out to determine the spacio-temporal expression of gsc in the mouse embryonic heart and whether gsc is expressed in the cardiac neural crest cells.
Analysis by semi-quantitative RT-PCR (Fig. 1A) indicates that gsc is not present at 9.5 dpc but is present in the 10.5, 12.5 and 14.5 dpc embryonic mouse heart, using the PCR conditions described. As gsc expression is known to be present in the first branchial arch at 10.5 dpc by in situ hybridization (Gaunt et al., 1993) , we used the rest of the embryos as a control to measure relative levels of gsc expression. Gsc is expressed throughout the developing mouse embryo, from 9.5 to 14.5 dpc (Fig. 1A) in the rest samples, and the gsc expression detected in the heart by RT-PCR can be detected by in situ hybridization from 10.0 dpc onwards ( Fig. 1B and C) . It is expressed as a ring around the distal outflow tract (which will divide to form the roots and proximal portion of the aorta and pulmonary artery), where the truncus arteriousus region joins the aortic sac (Fig. 2a-c) . From 10.5 dpc onwards, gsc expressing cells are also present in the bulbo-ventricular sulcus (an area that exter- nally indicates the underlying primary interventricular foramen which will eventually close and separate the left and right ventricles), where the proximal conus of the outflow tract of the heart joins the ventricle (Fig. 2a,d and e). However, it is not expressed in the interventricular septum itself. Gsc expression can clearly be seen in the epimyocardium ( Fig. 2b and c) that is adjacent to sites where the heart tube will become divided, and not in the tissues that physically 4) and rest of embryo (body minus the heart, lanes 5-8). The 297 bp gsc cDNA fragment is not present in the 9.5 dpc heart (lane 1) but can be detected in the 10.5, 12.5 and 14.5 dpc hearts (lanes 2-4) at 30 cycles of amplification. However, gsc mRNA expression (297 bp cDNA fragment) is detectable in the 9.5 dpc rest sample (lane 5) and upregulated in the 10.5, 12.5 and 14.5 dpc rest samples (lanes 6, 7 and 8) at 27 cycles of amplification. (Lower panel) expression of GAPDH is shown as a control for loading. Each experiment was performed on at least three occasions with a similar result in each case. (B) Whole-mount in situ hybridization detection of gsc expression in isolated 10.0-13.5 dpc mouse hearts. Gsc expression is present in both the distal and proximal regions of the outflow tract (black arrows) and in the wall of the left and right atria where they meet at the site of the septum primum (white arrow). Note that the hearts are shown from the rear and that the atria have been removed from the 10.0, 10.5 and 11.5 dpc hearts. (C) Left and right side views of the gsc expression in a outflow tract of a 10.5 dpc embryo. Note that gsc is strongly expressed in the distal outflow tract, where the truncus arteriousus joins the aortic sac (arrow heads).
divide the heart tube. Additionally, gsc expression is not present in the endocardial aortico-pulmonary spiral septum of the outflow tract of the 10.5 dpc mouse heart that is colonized by cardiac neural crest cells (Conway et al., 1997) . Indeed, gsc expression can be detected by both RT-PCR and in situ hybridization (data not shown) in the Fig. 2 . Whole-mount in situ hybridization detection of gsc expression. (a) Isolated 10.5 dpc mouse heart, showing strong expression of gsc around the distal outflow tract (black arrows) and in the bulbo-ventricular sulcus, where the outflow tract joins the ventricle (black arrowhead). Note that the atria have been removed, lines indicate planes of section and that the heart is shown from the front. (b-e) Serial vibratome sections (distal to proximal, b-d, with e being a high power image of d) of heart in (a), showing gsc expression is mostly confined to within the epimyocardium (b and c) and is not expressed within the endocardial cushion tissue of the future aortico-pulmonary septum. In addition, note the strong gsc expression present within the ventricular sulcus (d and e) between the future left and right ventricles. (f) Isolated 12.5 dpc mouse heart with left and right atria still attached, viewed from above. (g-l) Serial vibratome sections (distal to proximal, g to l, where i and j are high power images of g and h). Note, the gsc expression is present in the walls of the left and right atria, where they contact the outflow tract (black arrows in f and i) and where the walls of the left and right atria meet at the site of the septum primum (black arrowhead in f and j). (g and i) Gsc is still present in the septum, between the aorta and pulmonary trunk at 12.5 dpc, in the ventricular sulcus (k) between the left and right ventricles, and in the interventricular groove (black arrowhead in l). Abbreviations: rv, right ventricle; lv, left ventricle; s, aortico-pulmonary septum; oft, outflow tract; ra, right atria; la, left atria; a, aorta; p, pulmonary trunk. outflow tract of 10.5 dpc Splotch mutant mice embryos that lack cardiac neural crest cell colonization of the outflow tract (Conway et al., 1997) . However, in older 12.5 dpc hearts after the cardiac neural crest cells have completed their migration and become mesenchyme (Fig. 2f-l) , gsc expression is now present in the aortico-pulmonary septum ( Fig. 2g and i) , which is also the case for the gsc-expressing craniofacial mesenchyme derived from head neural crest cells (Hunt et al., 1991) . Gsc expression can be detected in both the walls of the left and right atria, where they contact the outflow tract (Fig. 2f,g and i) . Gsc mRNA expression is also present in the wall of the left and right atria (Fig. 2f,h and j) where they meet at the site of the septum primum (which septates the left and right atria), but not in the septum primum itself.
In order to ensure that the gsc expression pattern detected by in situ hybridization was not due to cross-hybridization with the closely related goosecoid-like gene (Gottlieb et al., 1997) , we used our 297 bp amplified cDNA fragment to probe four 10.5 dpc gsc (−/−) mutant and four wild-type (+/+) embryos (kindly genotyped and provided by Belo et al., 1998) , and all four −/− mutants gave negative results (data not shown). Histological examination of the 10.5 dpc gsc (−/−) mutant hearts revealed no obvious morphological cardiac abnormalities.
In conclusion, these results have shown that gsc is expressed in the developing mouse heart at sites that divide the primitive heart tube into a four chambered heart, and that gsc is not expressed within the colonizing cardiac neural crest cells in the outflow tract.
Materials and methods

Isolation of mouse goosecoid cDNA
A mouse gsc probe was generated by PCR amplification, using primers based on the published genomic DNA sequence (Blum et al., 1992) . Goosecoid-specific primers were designed to avoid the GC rich region of exon 1, and to amplify the region between base pairs 1286-1304 in exon 2 (upstream primer 5′-GCGGCACCGCACCATCTT-3′) and 1906 -1926 . Since the primers spanned intron 2, bands generated by amplification from cDNA (297 bp fragment) could be distinguished from bands amplified from genomic DNA (640 bp fragment). The 297 bp amplified cDNA fragment was cloned into pGEM-T vector (Promega) and sequenced to confirm its identity.
RT-PCR reactions
Mouse embryos (9.5, 10.5, 12.5 and 14.5 dpc) were dissected in cold diethylpyrocarbonate (DEPC)-treated saline, their hearts separated from the rest of the embryo, snap frozen and stored at − 70°C. In most experiments, RNA was isolated from pooled dissected hearts and the rest of the embryos using TRIzol Reagent (Gibco-BRL), with 300 ng of total RNA forming the basis of the reverse transcriptase reaction. RT-PCR was carried out as previously described (Conway et al., 1997) . To control for variations in RNA isolation, RT efficiency and gel loading, the synthesized cDNA was initially used for PCR amplification of the housekeeping gene GAPDH (upstream primer 5′-ACCGGATTTGGCCGTATT-3′) and (downstream primer 5′-TCTGGGATGGAAATTGTGAG-3′), an 1100 bp fragment was amplified. A total of 27, 30 and 33 cycles of amplification were carried out (such that products were still within the linear range), the products were run on a 1.5% agarose gel, blotted onto a nylon membrane (BioRad) and hybridized with gsc and GAPDH cDNA probes to yield high sensitivity and specificity of product detection.
In situ hybridization
Both sense and antisense digoxigenin-labeled cDNA probes were transcribed from the entire 297 bp fragment. Whole-mount in situ hybridization was carried out on at least 4-5 normal mouse embryos at 8.5-13.5 dpc, 4 Splotch and 4 gsc −/− 10.5 dpc mutant embryos, using the techniques described previously (Wilkinson, 1992; Conway et al., 1997) . Following whole-mount in situ hybridization, representative embryos were embedded in 0.45% gelatin, 27% albumen, 18% glucose in PBS which was solidified by addition of 1/10 volume of 30% glutaraldehyde. Embryos were vibratome sectioned at 30 mm.
